Magnetic nanoparticles (MNPs) have a wide range of clinical applications for imaging, therapy, and biosensing. 4 Superparamagnetic MNPs can be directly visualized with high spatio-temporal resolution using the Magnetic Particle 5 Imaging (MPI) modality. The image resolution of MPI depends on the relaxation properties of the MNPs. Therefore, 6
Introduction 23
Superparamagnetic magnetic nanoparticles (MNPs) exhibit distinct properties that make them attractive in a 24 wide range of clinical applications [1] . They have been used as contrast agents in magnetic resonance imaging 
Mechanical design 1
The mechanical housing was designed such that the bottom receive coil section can be moved up and down 2 manually using a turning knob with 18 mm diameter. The bottom receive coil section was wounded on a 3 movable part housing a nut (Figure 1b,c) . At the bottom side, a screw was attached to a rotating knob. When 4 the knob is rotated, the rotation of the screw moves the nut and attached movable part (1.4 µm per degree).
5
The bottom coil can be moved in a total range of 12 mm. The mechanical housing was produced using Delrin 6 material. The relaxometer measurement setup is shown in Figure 2a . Transmit signal is generated using a computer 9 controlled waveform generator (Keysight 33500B), and amplified using an AE is used to monitor the transmit coil current. The maximum current value that can be applied to the transmit coil 14 at different frequencies was measured to determine the frequency dependent amplitude limitations ( Figure 2b ).
15
In these measurements, we limited the current such that maximum field does not exceed 80 mTpp. 16 We measured the coupling between the transmit and receive coils at 25 kHz frequency and 1 mT Drive Two types of waveforms were used in the experiments. In the first one, a sinusoidal drive field waveform 3 was applied at 3 mT, 5 mT, and 7 mT amplitudes, and the frequency was swept between 1 kHz to 149 kHz in 4 2 kHz steps automatically. A 40-loop sine wave was applied for each measurement and averaged 10 times. The 5 first and last five cycles were excluded and remaining 30 cycles were averaged. Before MNP measurements, the 6 coupled signal was measured and adjusted to a stable minimum value using the tuning knob. A background 7 measurement was taken before the MNP measurements, and subtracted from the latter to obtain the MNP Figure 4b . In the initial experiments, the 17 effect of the applied field amplitude on the full width at half maximum resolution (FWHM) was analyzed. A 18 25 kHz frequency and 5 mT peak amplitude drive field was added to a triangular wave with amplitude ranging 19 between 15 mT to 30 mT in 5 mT steps. Then, the frequency of the drive field was swept between 1 kHz to 20 149 kHz in 2 kHz steps for 20 mT peak applied field level. The measurements were repeated for 3 mT, 5 mT 21 and 7 mT sinusoidal drive field amplitude. Relatively small amplitude levels were used in the experiments for 22 the following reasons: First, the drive field amplitude is limited by peripheral nerve stimulation limits, which 23 was shown to be below 7 mT at 25 kHz frequency for human torso [28] . Second, the resolution of MPI images 24 increase with decreasing drive field amplitude [29] . Using this waveform, we analyzed the effect of drive field function of number of harmonics included in the reconstruction process. 1 In all measurements, a 20 µl undiluted MNP sample was used. The received data was normalized by the 2 iron content of the samples. Measurements were made at room temperature. 
where M(r, t) is the total magnetization of the MNPs inside the sensing volume V , and B r (r) is the receive 
where m is the particle magnetic moment, ρ is the iron concentration, V is the total sensing volume, β is a Synomag 3 rd harm.
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Perimag 11 th harm. The PSF of the MNPs for 5 mT drive field amplitude at 25 kHz frequency are given in Figure 6a in The FWHM values of the MNPs with respect to frequency are given in Figure 8 for different DF amplitude 
Discussion

1
The developed relaxometer covers a wide frequency and amplitude parameter range used in MPI, considering 2 safety limitations. Higher fields are possible with increased transmit power. We have shown that the transmit 3 signal can be isolated efficiently with the proposed coil arrangement using a simple mechanical construction. 4 Since the fundamental frequency is retained in the current relaxometer, there is no need to overlap the drive 5 field cycles for DC recovery [29] . In addition, untuned design allows the use of arbitrary waveforms.
6
The use of gradiometric coils is a common practice to decrease the direct coupled signal [20-23, 34, 35] . 7 Nevertheless, the decoupling level may not be sufficient enough to decrease the coupled transmit signal below 8 the nanoparticle response [35] . The reported coupling values for some of the gradiometer designs are between -45 9 dB to -67 dB [23, 34, 35] . Addition of an active decoupling mechanism was proposed in [35] to further increase 10 the decoupling between transmit and receive coils. Our design achieved a high degree of decoupling down to 11 −95 dB, thanks to the asymmetrical three section gradiometer tuning mechanism that decreases sensitivity to 12 mechanical motion.
13
The FWHMs calculated using an X-space based reconstruction scheme suggest that the Perimag nanopar-14 ticles exhibit higher resolution compared to the Synomag-D nanoparticles. On the other hand, the signal level 15 of the Synomag-D nanoparticles normalized by the iron content was higher than that of Perimag nanoparticles.
16
Consistent with the previous studies, the resolution increased with decreasing DF amplitude and frequency in 17 general, except for the Synomag-D nanoparticles below 20 kHz DF frequency.
18
In this study, we also analyzed the FWHM resolution as a function of number of used harmonics, which 19 may be informative for MPI drive waveform parameter selection. The results showed that for lower DF amplitude 20 levels, FWHM converges faster in terms of number of harmonics used in the reconstruction. Our results also 21 imply that if sufficient number of harmonics is used, high DF amplitudes can result in similar resolution with 22 low DF amplitudes. This was specifically observed for Synomag-D nanoparticles, suggesting that high drive 23 field is advantageous in terms of resolution and SNR. On the other hand, low DF amplitude still resulted in 24 better resolution for Perimag nanoparticles. In general, drive field amplitude should be optimized for each type 25 of nanoparticle. 26 5. Conclusions 1 We have developed a relaxometer for MNP characterization enabling the use of arbitrary waveforms. The drive 2 coil has a small inductance so that a matching circuit is not required and wideband operation is possible. The 3 drive coil and the manually movable section of the gradiometric receive coil has a small mutual inductance. By 4 this way, the sensitivity to movement is decreased and a high transmit to receive decoupling is provided with 5 a simple mechanical construction. The relaxometer was used to characterize two types of iron oxide MNPs, 6 showing its efficiency for arbitrary drive field waveforms. 
